Abstract. New lunar gravity and topography data from the Clementine Mission provide a global Bouguer anomaly map corrected for the gravitational attraction of mare fill in mascon basins. Most of the gravity signal remaining after corrections for the attraction of topography and mare fill can be attributed to variations in depth to the lunar Moho and therefore crustal thickness. The large range of global crustal thickness (-20-120 km) is indicative of major spatial variations in melting of the lunar exterior and/or significant impact-related redistribution. The 61-km average crustal thickness, constrained by a depth-to-Moho measured during the Apollo 12 and 14 missions, is preferentially distributed toward the farside, accounting for much of the offset in center-of-figure from the center-of-mass. While the average farside thickness is 12 km greater than the nearside, the distribution is nonuniform, with dramatic thinning beneath the farside, South Pole-Aitken basin. With the global crustal thickness map as a constraint, regional inversions of gravity and topography resolve the crustal structure of major mascon basins to half wavelengths of 150 km. In order to yield crustal thickness maps with the maximum horizontal resolution permitted by the data, the downward continuation of the Bouguer gravity is stabilized by a threedimensional, minimum-slope and curvature algorithm. Both mare and non-mare basins are characterized by a central upwarped moho that is surrounded by rings of thickened crust lying mainly within the basin rims. The inferred relief at this density interface suggests a deep structural component to the surficial features of multiring lunar impact basins. For large (>300 km diameter) basins, moho relief appears uncorrelated with diameter, but is negatively correlated with basin age. In several cases, it appears that the multiring structures were out of isostatic equilibrium prior to mare emplacement, suggesting that the lithosphere was strong enough to maintain their state of stress to the present.
Altimetry
The LIDAR instrument aboard the polar-orbiting Clementine spacecraft [Nozette et al., 1994] ranged to most of the lunar surface from 78øS to 78øN, covering the known or hypothesized major basin structures tabulated by Wilhelms [1987] and confirming several probable basins [Spudis et al., 1994] . Clementine measured a 16-km range of topography, 30% greater than previously mapped, with the deepest and highest topography on the farside South Pole-Aitken (SPAitken) basin and its northern rim [Zuber et al., 1994] . Such large farside excursions were detected by the Soviet Zond 3 spacecraft measurements, but could not be confirmed (B.G. Bills, personal communication, 1995) . The calibration and processing of the LIDAR data from Clementine are described by D.E. Smith et al. (submitted manuscript, 1996) . While the altimetry along-track is fairly dense, the east-west coverage is limited by the 2.8 ø spacing of the ground tracks, repeating every 132 revolutions. Polar latitudes and cross-track regions were filled in by minimum-curvature interpolation [Smith and Wessel, 1990 ] to produce the gridded Goddard Lunar Topographic Model 2 (GLTM2) (D. E. Smith et al., submitted manuscript, 1996) . A spherical harmonic model complete to degree and order 70 was generated by numerical integration over the associated Legendre polynomials, without placing constraints on the power spectrum.
Uncertainty in the range data results from the behavior of the electronic subsystems under varying conditions, particularly the roughness of the surface. The detection system incorporated a programmable range window that selected only those returns near the estimated range to lunar surface, but in some cases there were many false returns within a range window. Returns from the highland regions were particularly hard to discriminate from noise due to greater dispersion of incident pulses by rough terrain. As a result, there are areas of poor data quality as well as gaps due to operational problems. Nevertheless, the accuracy of the topography is better than 100 m at the level of resolution of the spherical harmonic model. The historical data resulted in a topographic field to spherical harmonic degree and order 12 [Bills and Ferrari, 1977a] , revealing an offset of 2 km of the center-of-figure from the center-of-mass toward the lunar farside. A longwavelength analysis of crustal structure suggested a global dichotomy [Kaula et al., 1972] arising either from different degrees of melting on the nearside and farside [Kaula et al., 1972] , asymmetrical bombardment [Wood, 1973] , or largescale internal convection .
Gravity
Uncertainty in the lunar gravity field limits resolution of the interior density structure. The 70th degree and order Goddard lunar gravitational model GLGM2 (F. G. Lemoine et al., submitted manuscript, 1995), a calibrated solution based on Clementine and Apollo tracking data, succeeded a preliminary model GLGM1 [Zuber et al., 1994] . The most recent pre-Clementine gravity model [Konopliv et al., 1993] had unreasonably large short-wavelength power (a range of 1000 mGal) when evaluated at the surface. The power spectrum of GLGM2, originally designated lgm0309a, is damped by an a priori "Kaula's rule" [Kaula, 1966] constraint that acts as a low-pass filter to supress artifacts where unconstrained by low-altitude tracking. Such a constraint has the drawback that some of the power in the tracking data over the nearside basins is not modeled. We use a companion model, lgm0309b (F. G. Lemoine et al., submitted manuscript, 1995), that is identical to GLGM2 but with a weaker spectral constraint. The total range of GLGM2, 652 mGal, and lgm0309b, 700 mGal, is To obtain an unbiased, albeit noisy, Bouguer anomaly, we filter the topographic correction as if it were observed at an elevation of 32 km (Figure 1) . The resulting correction nearly matches the strength of the gravity field at intermediate degrees (10 to 30) where the signal-to-noise ratio is good. This filter mainly attenuates power at higher degrees where the signal is small and where the noise level is comparatively large.
The densities of nonmare lunar samples [e.g., Talwani et al., 1973; Solomon, 1975 Solomon, , 1978 range from 2800 to 3000 kg m -3. We choose the lesser value for zip so as to allow for the lower bulk densities of brecciated material.
The lower density also avoids overcorrections that might exaggerate subsurface variation. Solomon [1978] utilized Apollo altimetry and geochemical data to show that density correlates with, and may partially compensate, topography via Pratt isostasy. Such regional variations may help explain the elevation of the lunar highlands, but play a lesser role at the impact basin scale, where impact-related brecciation and comminution could be more significant. Even at the scale of the highlands, however, Pratt isostasy is incapable of explaining the magnitude of gravity anomalies, and so at least some fraction of compensation must be accommodated by an Airy mechanism. Crustal density might be estimated regionally by correlating gravity with topography [Wieczorek and Phillips, 1996] . However, such an approach applied to lunar highland crust appears to be characterized by spectral leakage from mare regions. In our approach we assume a constant density for nonmare crust.
Central mascon maria may be filled with up to 10 km of basalt flows [Solomon and Head, 1980 Downward continuation of the Bouguer anomaly is unstable in the presence of noise. To produce a global crustal thickness map (Plate 1), high degree spherical harmonics are filtered using an optimal method described below. This method gives a conservative estimate of crustal thickness variations, so that the moho topography nowhere reaches the lunar surface. The large amplitude of the resulting moho topography warrants a nonlinear, three-dimensional (3-D) treatment. To obtain higher-resolution maps of nearside basins where the gravity is relatively accurate, we use a finite-amplitude regional approach, wherein the regionally averaged depth to moho from the global solution constrains the average depth of the moho in each regional solution.
Surface Topography
Topographic corrections may easily be performed on regional data sets using the gravity forward-modeling algorithm of Parker [1972] The Parker algorithm may also be used to correct for the additional gravitational effects due to the replacement of part of the crust by denser mare basalts. Following Solomon and Head [1980] , we approximate the mare as one or more concentric cylindrical bodies starting at the depth of the mare floor. Since we have already performed a surface Bouguer correction, we use a density contrast of 500 kg m -3, rather than the full mare density. The corrected Bouguer anomaly (CBA), the Bouguer anomaly minus the gravity due to the attraction of mare fill, reflects density variations below the near surface.
In order to make the stacked mare cylinders correspond closely to the centers of the mascons, particularly for Mare Imbrium, we adjusted the centers of the mare, where noted in Table 1 , from the basin coordinates inferred from surficial features by Wilhelms [1987] . The basin locations are better constrained by the new topographic data. The adjustments and their consequences for gravity are, in any case, minor relative to the resolution of the gravity fields.
Prescription for Downward Continuation
Because gravity interpretation is necessarily nonunique, we model the gravity anomaly exclusively in terms of the topographic effects of density contrasts at the surface and at the lunar moho. Of all moho models, we seek the simplest that is required to fit the Bouguer gravity anomaly within its confidence limits. This entails joint minimization of some measure of model complexity as well as data misfit. The norm of solution length is one such measure [Franklin, 1970] , but the resulting models may tend toward Kronecker delta functions. Constable et al. [1987] argue that the simplest model is that which is maximally flat, that is, the norms of the model slope and/or curvature should be minimized. These latter norms suppress the short-wavelength excursions of the model in proportion to the wavenumber or the wavenumber squared, respectively. An analog in the frequency domain [Maller and Smith, 1993; Phipps Morgan and Blackman, 1993] exploits the computational efficiency and stability of the FFT algorithm.
We seek the amount of topography on a hypothetical moho interface required to match a given gravity signal. Because the mass anomaly is distributed over a sheet of finite thickness, the gravity response to topography is nonlinear. -2740.
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-1710. The frequency response of the global and regional smoothing filters, and the resulting downward continuation factors, are shown in Figure 3 . The global filter, with a comer wave)ength of 480 km, is designed to attenuate the poorly constrained gravity over the farside, and its amplitude is less than 1% at spherical harmonic degree 70. The regional filter, at the 150-km minimum wavelength of the gravity field, attenuates the spectral response, but the downward continuation factor is nearly unity.
Because we are minimizing the roughness of the resulting topography, our resolution decreases with increasing moho depth. On the lunar nearside, where average moho depth is 50-55 km, features of 150-km half wavelength are better resolved than in this example.
An example of the complete procedure is shown in Plate 2. Orientale, a 5-km-deep, 930-km-diameter basin on the edge of the farside highlands [Head, 1974] , is the youngest of the major multiring impacts and exhibits the most extreme variation in gravity signal. The topography (Plate 2a) and gravity (Plate 2b) are gridded on a 2048-km-square region.
The gravity is reduced using a surface density of 2800 kg m -3, and corrected for a 1.7 km-thick, 300 km diameter mare to 
Nearly 50 km of crust appears to have been excavated from its center, relative to a regional average of 70 km, to be replaced by upwarped mantle. Mendel-Rydberg (Figures 5b) shows less pronounced crustal thinning than nearby Orientale and
Grimaldi. Both Grimaldi, the smallest of the mare mascons with a radius of 215 km, and Imbrium (the largest) exhibit much less thinning than Orientale. South of Grimaldi, the nonmare basin Cruger (293øE, 16øS), which was previously poorly resolved in lunar topography and gravity data, also has a mascon-like gravity anomaly and thin (30 km) crust. Crustal structure appears to be azimuthally symmetric about each centrally thinned impact, although the symmetry is modified by surrounding basins. thickness of the basin is markedly thinner than the lunar average, and has remained so since its formation more than 4.1 Gyr ago. One of the most striking features of this basin is the arc of elevated topography and thickened crust that surrounds it to the northeast (Plate 1). We have questioned the origin of the extremely thick crust of the highlands to the north [Zuber et al., 1994] , and suggested that it could be a consequence of regional, large-scale melting and/or possibly at least in part due to the effects of basin-forming impact. Given its proximity to the SP-Aitken basin we speculate that this pattern of crust could be associated with oblique impact by a large, massive projectile. Assuming a normal incidence at a velocity of 20 km s 'l, a meteoroid of at least 215-km diameter submitted manuscript, 1996) requires nearly 3% difference in average crustal density, which is larger than that inferred from compositional mapping by Solomon [1978] . Another factor that we have not considered is possible lateral variations in mantle density [Wasson and Warren, 1980; Finnerty et al., 1988] . For a mantle which has undergone a major amount of melt extraction, say 20%, the density change will be comparable to that due to a 200ø-300øC temperature change (E.M. Parmentier, personal communication, 1995). If the pressure is high enough (i.e., depth is great enough) that garnet is one of the minerals melted, the effect could be as high as 500øC. The corresponding density changes for these cases compared to the density of an unmelted mantle are 0.9% and 1.5%, which corresponds to at most two milligals of gravity per extra kilometer of depleted mantle. While it is possible that the hot interior, through internal dynamic processes, could support the stresses needed to maintain such large heterogeneities following the cessation of melting, further study of this process is required.
All of the impact basins studied show a consistent pattern of thinned crust toward the center, and thickened crust near the rim. Crustal thinning is consistent with magnesium-rich exposures in central peaks [Pieters, 1982] We see in Figure 6 that some of the present-day topography over basins is maintained by stresses in the lithosphere. While large impacts may produce sufficient heat to weaken the lithosphere and lead to subsequent relaxation [Solomon et al., 1982] , our data support the suggestion of Taylor [1982] that the mascons are principally due to rapid mantle uplift (formed immediately as a consequence of the impact and not due to a long-term isostatic response), followed by an additional component of mare basalt filling.
Within individual basins, it is possible that impact-related brecciation and comminution of ejecta with crust creates a ring of lower-density material [e.g., yon Frese et al., 1996] that is partially responsible for gravity moats around the mascons. It is difficult to envision a mechanism whereby magma would flood the mare without intruding and welding the more porous surrounding material. Moreover, crustal density models derived from Apollo seismic data [Toksoz et al., 1972] suggest that the gravity moats, which are many tens of milligals less than the regional average, cannot be explained solely by These results hold the promise of providing constraints on the relative importance of the impact process and subsequent isostatic adjustment in forming the characteristic, surficial multiring structure.
